. The direct synthesis of H 2 O 2 from hydrogen and oxygen in the presence of catalysts [4] [5] [6] provides a more straightforward route and ideally solves the issues associated with the indirect anthraquinone route. However, as the hydrogen/oxygen mixture is potentially explosive, researchers have aimed to eliminate the danger of explosion and to simultaneously find selective and active catalysts 4, [7] [8] [9] [10] . Another attractive and alternative route for the on-site direct production of H 2 O 2 is through an electrochemical process in a fuel cell setup, where oxygen reduction undergoes a two-electron pathway [11] [12] [13] . Substantial efforts in recent years on this fuel cell concept have aimed at efficiently generating electricity simultaneously with a high-yield production of H 2 O 2 (refs [14] [15] [16] [17] [18] [19] [20] ). For the two-electron route, electrocatalysts with high activity and selectivity are a prerequisite. Noble metals and their alloys (for example, Pd-Au 21 , Pt-Hg 14 and Pd-Hg 15 ) are currently the most efficient catalysts, requiring small overpotentials for oxygen reduction as well as high H 2 O 2 selectivity (up to ~98%). However, the scarcity of noble metals may hinder their large-scale application. Carbon-based materials have shown great promise as alternative catalysts for the electrochemical synthesis of H 2 O 2 , as they are earth-abundant, highly tunable and electrochemically stable under reaction conditions. Recent studies demonstrate the capability of carbon materials for the electrochemical production of H 2 O 2 , with their performance strongly correlated to heteroatom doping 16, [22] [23] [24] and material structure 18, [25] [26] [27] , as both of these parameters can tailor the electronic structure of carbon atoms. Despite progress in this area, there is room for improvement in developing improved carbon-based materials, and much to learn regarding structure-activity relationships.
Herein, we demonstrate an effective approach to enhancing both the activity and selectivity of carbon materials for H 2 O 2 production by means of surface oxidation of the carbon catalyst. For example, after oxidizing commercially available carbon nanotubes (CNTs), we observe a significant decrease in overpotential and an enhanced selectivity up to ~90% in both basic and neutral media. Catalyst characterization reveals the existence of both C-O and C= O functional groups on the surface of the oxidized CNTs (O-CNTs). The oxygen reduction reaction (ORR) activity and selectivity are found to be positively correlated with the oxygen content, indicating the importance of oxygen functional groups. The general efficacy of this approach is demonstrated by observing a similarly enhanced oxygen reduction performance on other forms of oxidized carbon-oxidized super P (O-SP) and oxidized acetylene black (O-AB)-which have a much lower cost than O-CNT. To elucidate the catalytic mechanism, we employ density functional theory (DFT) calculations to investigate the activities of a wide variety of oxygen functional groups and identify several possible sites with enhanced ORR activity. Moreover, guided by the DFT results, a series of experiments are performed to fabricate O-CNTs with prominent selectivity, which further supports the active sites of the oxidized carbon materials for electrochemical H 2 O 2 synthesis.
Results

ORR activities of CNTs and O-CNTs.
The O-CNTs were prepared by the chemical oxidation of CNTs using concentrated nitrate acid (see Methods for more details) 28 . The ORR performance was evaluated in an aqueous solution (0.1 M KOH or 0.1 M phosphate buffered saline) using a rotating ring-disk electrode. NaTure CaTalysis in this study as the production of H 2 O 2 is the objective. Figure 1a shows electrochemical results in a basic electrolyte (0.1 M KOH, pH ~13), the oxygen reduction currents measured on a disk electrode (solid lines) and the H 2 O 2 oxidation currents measured on a platinium ring electrode (dashed lines). The amount of H 2 O 2 formed was quantified by the ring electrode, which was potentiostated at 1.2 V (versus the reversible hydrogen electrode, the same below) to avoid ORR currents at the ring, allowing only H 2 O 2 oxidation. According to the polarization curves, the O-CNTs showed a much higher current and a remarkably lower overpotential (~130 mV lower at 0.2 mA) with respect to the commercial CNTs. It should be noted that the current increased very quickly to the limiting current for the O-CNTs, indicating fast ORR kinetics, which was also reflected in the lower Tafel slope ( Supplementary Fig. 1 ) 29 . This fast kinetics may make the O-CNTs a promising candidate in alkaline fuel cells for the synthesis of H 2 O 2 . In addition to the higher activity, the O-CNTs exhibited a significantly higher H 2 O 2 selectivity (around ~90% in the potential range of 0.4-0.65 V) than the CNTs (~60%), as shown in Fig. 1c . This performance enhancement was also observed in neutral electrolyte (pH ~7), where the onset potential measured at 0.05 mA shifted in a positive direction by ~150 mV and the selectivity increased from ~60% to ~85% for CNTs exposed to the oxidation treatment (Fig. 1b,d ). The stability of the O-CNTs was demonstrated by long-term testing (~10 h) with negligible changes in activity or selectivity as measured on both the ring and disc electrodes (Fig. 1e,f) . The gradual degradation on the ring current in neutral electrolyte was attributed to anion poisoning rather than current efficiency degradation, as the ring current could be recovered after electrochemical ring cleaning. The ORR activity of the O-CNTs was also evaluated under acidic conditions (0.1 M HClO 4 ), as shown in Supplementary Fig. 2 . It is observed that the activity and selectivity are both significantly improved compared with CNTs, but not as good as those performed under base conditions.
The high activity and selectivity of the O-CNT catalyst make it the most active non-precious electrocatalyst towards electrochemical reduction of oxygen to H 2 O 2 under basic conditions (Supplementary Table 1) 22, 24, 30, 31 . To improve the ORR current for practical applications, we loaded our catalyst onto Teflon-treated carbon fibre paper with a loading of ~0.5 mg cm −2 and measured their steady-state polarization curves ( Supplementary Fig. 3 ). The Teflon-treated carbon fibre paper is highly hydrophobic, thus providing abundant three-phase contact points for the ORR 32, 33 . In 1 M KOH, the electrode achieved current densities of 20 and 40 mA cm −2 at 0.72 and 0.68 V, respectively, while maintaining a similarly high selectivity of > 90%. In addition, we performed the ORR performance of O-CNT catalysts in a reactor reported previously 20 and it was found that the H 2 O 2 concentration can be easily accumulated to around 1,975 mg l −1 within 30 min (the polarization curve and V-t curve under constant current of the reactor can be NaTure CaTalysis seen in Supplementary Fig. 4 ). Compared with previous reports (Supplementary Table 2) 16, 25, 26 , the yield and production rate are still among the highest values, demonstrating that electrochemical reduction of oxygen to H 2 O 2 is practical in an alkali environment.
Characterizations of CNTs and O-CNTs.
Physical and chemical characterization of the two samples may shed light on the origin of the performance enhancement. Transmission electron microscopy images (Fig. 2a,b ) and X-ray diffraction patterns (Fig. 2c) demonstrate that the tube-like structure and crystallinity were not affected by the oxidation process. Raman spectra of both samples (Fig. 2d) reveal that the intensity ratio of the D and G peaks was slightly increased after oxidation, indicating that the oxidation process created some disorder (that is, defect) in the graphitic structure 28 . Figure 2e depicts the X-ray photoelectron spectroscopy (XPS) survey scans to detect the elements presented on the CNT and O-CNT surfaces. A new peak that can be indexed to oxygen 1s emerged after nitric acid treatment, yielding a carbon-to-oxygen ratio of 92:8, which is substantially different from the commercial CNTs that exhibited negligible oxygen content. The carbon 1s spectrum of the O-CNTs (Fig. 2f ) can be deconvoluted into the following bands: carbon in graphite at 284.5 eV, defects (attributed to carbon atoms no longer in the regular tubular structure) at 285.4 eV, carbon singly bound to oxygen (C-O) at 286.1 eV, carbon bound to two oxygens (that is, -COOH) at 288.7 eV and the characteristic shakeup line of carbon in aromatic compounds at 290.5 eV (π-π* transition) 34 . The deconvolution of the oxygen 1s spectrum (Fig. 2g) shows two peaks: oxygen doubly bound to carbon (C= O) at 531.6 eV and oxygen singly bound to carbon (C-O) at 533.2 eV 35 . These results indicate that the oxidation treatment induced more oxygen-containing functional groups (for example, C-OH, C-O-C, C= O and C-OOH, which is confirmed by the Fourier-transform infrared spectroscopy spectrum in Supplementary Fig. 5 ), accompanied with a slightly more disordered structure for the O-CNTs.
Additional control experiments were performed to identify the main reason for enhanced performance. The commercial CNTs usually incorporate iron-based catalysts 36, 37 , which may contribute to the ORR activity and selectivity. Thus, we determined the iron concentrations of the catalysts by inductively coupled plasma mass spectrometry, as listed in Supplementary Table 3 . The results demonstrated that the iron in CNTs can be removed by the oxidation treatment. They also showed that the iron concentration in commercial carbon nanoparticles (for example, super P (SP)) is one magnitude less than in CNTs. However, as the ORR activity and selectivity of SP that is free of iron are both similar to those of CNTs (shown next), we believe that the small amount of iron in CNTs may not play a vital role in determining the ORR performance. Moreover, in terms of the trace amount of iron in SP and O-SP and the greatly Fig. 6 ), further supporting our conclusion. It has been reported that the defects in the carbon materials may act as reactive sites for oxygen adsorption or reduction during the electrocatalytic process 25 . In the present study, the O-CNTs were further treated in a mixed hydrogen/argon atmosphere to reduce the oxygen-containing functional group (R-O-CNTs). XPS data reveal that this hydrogen reduction process removed most of the oxygen while the R-O-CNT structure still retained defects, as shown by the Raman spectrum (Supplementary Fig. 7 ). However, in terms of ORR activity and selectivity, R-O-CNTs perform far worse than O-CNTs ( Supplementary Fig. 8 ), indicating that oxygenated defects play an important role in these catalysts; for example, as active sites themselves or by affecting the electronic structure of the material.
ORR activities of carbon nanoparticles and oxidized carbon nanoparticles. The oxygen content on the catalysts can be tuned by changing the process time for oxidation. Longer oxidation times gave rise to a gradual increase in the oxygen content up to 9% within 48 h (Supplementary Fig. 9 ). In Fig. 3a,b , we have plotted the oxygen content of each sample versus the current and the selectivity at 0.6 V, respectively. A nearly linear correlation was observed in both plots, further validating the importance of oxygen functional groups. To demonstrate the general efficacy of this surface oxidation strategy for the ORR to produce H 2 O 2 , we examined two other types of low-cost carbon material (SP and acetylene black (AB)) and found that the ORR activity and selectivity of the oxidized carbon materials (O-SP and O-AB; characterization shown in Supplementary Figs. 10-13 ) both improved significantly or were comparable in both basic and neutral electrolytes (Fig. 3c,d and Supplementary Figs. 14 and 15) . Notably, O-SP and O-AB achieved selectivities of ~93 and ~72%, respectively, which are much higher than the values for original SP and AB (~68 and ~30%, respectively).
DFT calculations.
The above experimental results demonstrate that the oxidation treatment of nanostructured carbons generates abundant oxygen functional groups, which may tailor the electronic structure of carbon materials and significantly modulate their oxygen reduction activity. The identification of active sites for this catalytic process is important for mechanistic understanding and for the rational design of future catalysts. Herein, we employ DFT calculations to study the activities of a wide range of oxygen functional groups (a total of nine configurations, as shown in Fig. 4a ) towards ORR. A two-dimensional graphene sheet is used as the model system, where different types of oxygen functional groups, including carboxyl (-COOM, M= H and Na for this calculation), carbonyl (C= O), etheric (O-C-O) and hydroxyl (-OH) were introduced at different locations of the graphene; for example, the basal plane or edge. The activity of a catalyst for the ORR is determined to a large extent by its binding to all ORR intermediates (OOH*, O and OH*). Thus, catalytic activities for the different structures are determined by the binding energies of the reaction intermediates to the active sites (the carbon atoms denoted by blue circles in Fig. 4a ) of the catalyst. For the two-electron ORR, the overpotential is either due to hydrogenation of oxygen (equation (1) We use ΔG OOH * as a descriptor and plot the activity volcano to underline the activities of different oxygen functional groups 14, 15 . The limiting potential, U L , which can be considered a metric of activity, is defined as the lowest potential at which all the reaction steps are downhill in free energy. The theoretical overpotential is defined as the maximum difference between the limiting potential and equilibrium potential. Figure 4b shows the calculated U L as a function of ΔG OOH * for the two-electron ORR to H 2 O 2 on these materials. The structures located on the right side of the volcano bind OOH* weakly, hence equation (1) is a limiting step. Those located on the left side, however, bind OOH* strongly, thus equation (2) is limiting. As a result, the binding strength of OOH* to the surface ultimately determines the ORR activity. The maximum limiting potential is 0.70 V, representing zero overpotential at the top of the volcano. The computed values in Fig. 4 suggest that the -OH functional group does not significantly contribute to the ORR. However, the C-O-C groups on the basal plane and at the edge of the graphene (O basal 1 and O edge) are highly active for the two-electron reduction of oxygen to H 2 O 2 with overpotentials of 0.02 V and 0.06 V, respectively, comparable with the previously reported noble metal catalysts 14 . Among different possible configurations for the -COOM functional group, we find that the armchair edge is the most active (COOM edge 2), yielding an overpotential of 0.06 V. 
NaTure CaTalysis
Discussion
While XPS analysis was helpful in elucidating the different species of oxidized carbon in these materials, the ratios were very similar in all the oxidized samples (Supplementary Table 4) ; thus, it is challenging to experimentally confirm the active functional groups unequivocally. Here, to support that the DFT results that demonstrate the oxygen functional groups (-C-O-C and -COOM) are active and selective for electrochemical oxygen reduction to produce H 2 O 2 , we choose two different methods to fabricate O-CNTs, which are rich in these two functional groups. It should be noted that the nanotube morphologies are mostly preserved after these two oxidation methods ( Supplementary Fig. 16 ), thus the possible contribution from morphology change to the overall ORR activity can be excluded. The first method is oxidizing CNTs by highly concentrated KOH solution at a high temperature (denoted by CNTs-KOH). According to the XPS results ( Supplementary Fig. 17 ), the intensity of the C= O bond was much higher than that of the C-O bond, suggesting the formation of a -COOH functional group on the surface 38 . The broad peak at around 535 eV can be attributed to firmly absorbed H 2 O 38 . Thus, although the as-measured oxygen content is ~8.5%, the oxygen content of the functional group should be much lower. The second method is oxidizing CNTs by mixing with poly(ethylene oxide) (PEO; mass ratio: 1:4) and carbonizing the mixture at 600 °C for 3 h (denoted by CNTs-PEO). The XPS results showed that the C-O bond was dominated in CNTs-PEO, indicating the formation of a -C-O-C functional group as the material was produced at a high temperature. The oxygen content was ~4.3% for this material.
The electrochemical results reveal that both CNTs-KOH and CNTs-PEO show significantly improved ORR activity and selectivity (~83% and ~87% for CNTs-KOH and CNTs-PEO, respectively), demonstrating that both functional groups are active sites for electrochemical reduction of oxygen to produce H 2 O 2 . Although the selectivity of both samples is comparable with O-CNTs, lower onset potentials are observed. We hypothesize that the different onset potentials can be attributed to the possibility of the presence of different oxygen functional groups. According to our DFT calculations, the type of functional group determines the activity. There also seems to be a synergy effect between different functional groups. For example, the O-CNT catalyst shows multiple oxygen functional groups, thus it is possible that its activity may be affected by several highly active functional groups. As only one oxygen functional group is dominated in CNTs-KOH and CNTs-PEO, the possible synergistic effect seems to be negligible. Moreover, the CNTs-PEO shows slightly higher activity than CNTs-KOH, indicating that the -C-O-C functional group is more active than the -COOM group. Therefore, combined with our DFT calculation, we believe that the above results can further support the active sites of carbon materials for electrochemical H 2 O 2 synthesis. Overall, this combination of DFT calculations relating to the controlled synthesis of carbon materials with a variety of oxygen functional groups yields the fundamental understanding needed to provide guidance towards the design of future carbon-based catalysts for the electrochemical production of H 2 O 2 .
In summary, a surface oxidation treatment was shown to enhance the activity and selectivity of CNTs towards H 2 O 2 production by means of the ORR. The oxidized O-CNTs drastically lowered the needed overpotential by ~130 mV at 0.2 mA compared with standard CNTs while simultaneously increasing the selectivity from ~60 to ~90%. The ORR activity and selectivity were also examined as a function of oxygen content in the O-CNTs and a nearly linear correlation emerged that reflects the importance of oxygen functional groups in driving catalysis. This surface oxidation approach was also effective for enhancing the ORR performance of other types of carbon material, validating the generality of this strategy. Based on DFT calculations, we can assign the origin of the high activity to the -COOH functional group in the armchair edge as well as the C-O-C functional group in the basal plane of the graphene, and these active functional groups are supported by further controlled experiments. We propose that our experimental observations, as well as the theoretical calculations, provide new insights into catalyst development that may be relevant in the production of industrial chemicals by means of clean, renewable electrical energy.
Methods
Surface oxidation of carbon materials. First, the pre-determined quantities of raw CNTs (multiwalled, 0.2 g) and nitric acid (12 M, 200 ml) were added to a threenecked, round-bottomed glass flask. Afterwards, the reaction flask equipped with a reflux condenser, magnetic stirrer and thermometer was mounted in a preheated NaTure CaTalysis water bath. The temperature was kept at 80 °C and the oxidized products were denoted by O-CNT-6, O-CNT-12, O-CNT-24 and O-CNT with oxidizing times of 6, 12, 24 and 48 h, respectively. After oxidation for a certain time, the slurry was taken out, cooled, centrifuged and washed with water and ethanol several times until the pH was neutral. Finally, the sample was dried at 60 °C in a vacuum oven overnight. For SP and AB, the oxidation process was similar to that for the CNTs (48 h). The reduction of O-CNTs was performed in a tube furnace at a temperature of 800 °C for 2 h under a mixed hydrogen (20%)/argon atmosphere.
CNTs oxidized by other methods. We chose two different methods to oxidize the CNTs to preferentially create different surface oxygen functional groups. One method was oxidizing CNTs by highly concentrated KOH solution in an autoclave. Briefly, ~50 mg of CNTs was first dispersed in 6 M KOH solution (40 ml). Afterwards, the suspension was transferred to an autoclave, which was sealed and put into an oven maintained at 180 °C for 12 h. After the reaction, the product was taken out, cooled down naturally, centrifuged and washed with water and ethanol several times until the pH was neutral. Finally, the sample was dried at 60 °C in a vacuum oven overnight. This product was denoted by CNTs-KOH. Another method was to oxidize the CNTs by mixing with PEO (mass ratio: 1:4) and carbonizing the mixture at 600 °C for 3 h under an argon atmosphere. This sample was denoted by CNTs-PEO.
Characterization. The size and morphology of the samples were measured using transmission electron microscopy (FEI Tecnai). XPS (SSI SProbe XPS spectrometer with Al(Ka) source) was used to determine the heteroatoms and functional groups. The X-ray powder diffraction patterns were recorded on an X-ray diffractometer (Rigaku D/max 2500) in the range 20-60°. The Raman and ultraviolet-visible spectroscopy were conducted in HORIBA Scientific LabRAM and Cary 6000i, respectively.
Sample preparation and electrochemical characterization. The electrodes were prepared by dispersing the oxidized products in ethanol to achieve a catalyst concentration of ~3.3 mg ml -1 with 5 wt% Nafion. After sonication for 60 min, 6 μ l of the catalyst ink was drop-dried onto a glassy carbon disc (area: 0.196 cm 2 ). The electrochemical tests were performed in a computer-controlled Bio-Logic VSP Potentiostat with a three-electrode cell at room temperature. The glass carbon electrode loaded with catalyst was used as the working electrode. A graphite rod and a saturated calomel electrode were used as the counter and reference electrode, respectively. Two electrolytes with pH ~13 (0.1 M KOH) and ~7 (0.1 M phosphate buffered saline) were chosen. The ORR activity and selectivity were investigated by polarization curves and rotating ring-disk electrode measurements in oxygensaturated electrolyte at a scan rate of 10 mV s -1 . Polarization curves in nitrogensaturated electrolytes were also recorded as a reference. Electrocatalytic H 2 O 2 production on Teflon-treated carbon fibre paper loaded with O-CNTs (~2 mg cm -2 ) was performed in a two-compartment cell with Nafion 117 membrane as separator. Both the cathode compartment (25 ml) and anode compartment were filled with the same electrolyte (1 M KOH). The polarization curves were both system resistance corrected.
H 2 O 2 selectivity of the O-CNTs on the rotating ring-disk electrode was calculated based on the current of both disc and ring electrodes (equation (3)). A potential of 1.2 V (versus the reversible hydrogen electrode) was applied on the ring of the working electrode at a speed of 1,600 r.p.m. during the entire testing process. was also determined using commercially available H 2 O 2 testing strip paper. H 2 O 2 selectivity of the O-CNTs tested on Teflon-treated carbon fibre paper was determined by this method. The electrode was kept at the potential with an initial ORR current at ~20 mA cm -2 until a certain amount of charge (10 C) was accumulated.
Computational study. The simulations were handled using the Atomic Simulation Environment 39 . The electronic structure calculations were performed using the QUANTUM ESPRESSO programme package 40 . The electronic wavefunctions were expanded in plane waves up to a cutoff energy of 500 eV, while the electron density was represented on a grid with an energy cutoff of 5,000 eV. Core electrons were approximated with ultrasoft pseudopotentials 41 . We used the BEEF-vdW exchange-correlation functional 42 , which has been shown to accurately describe chemisorption and physisorption properties on graphene. Graphene structures were modelled as one layer. A vacuum region of about 20 Å was used to decouple the periodic replicas. To model oxygen functional groups in the basal plane, we used a super cell of lateral size 8 × 8, and the Brillouin zone was sampled with (2 × 2 × 1) Monkhorst-Pack k-points. For the oxygen functional groups in the edge, we used the super cell of lateral size 3 × 4 and the Brillouin zone was sampled with (1 × 4 × 1) Monkhorst-Pack k-points.
Details of the calculated free energy of adsorptions. We considered three intermediates in the ORR: OH*, O* and OOH*. The catalytic activity of the material was determined by the binding energies of the reaction intermediates to the active sites of the catalyst.
To estimate the adsorption energies of different intermediates at zero potential and pH = 0, we calculated the reaction energies of each individual intermediate and corrected them for zero-point energy (ZPE) and entropy (TS) using equation (6):
Additionally, we used the computational hydrogen electrode model, which exploits the fact that the chemical potential of a proton-electron pair is equal to gas-phase hydrogen at standard conditions, and the electrode potential was taken into account by shifting the electron energy by -eU where e and U are the elementary charge and the electrode potential, respectively 43 . As the ground state of the oxygen and H 2 O 2 molecules are poorly described in DFT calculations, we used gas-phase H 2 O and hydrogen as reference states as they are readily treated in the DFT calculations. The entropy for H 2 O was calculated at 0.035 bar, which is the equilibrium pressure of H 2 O at 300 K. The free energy of this state is therefore equal to that of liquid water 43 .
Data availability. The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request.
